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I.  Introduction 


During  this  reporting  period  (02-01-94  to  04-30-94)  we  have  continued  to  make  excellent 
progress  towards  the  program  goals.  This  report  deals  exclusively  with  the  theory,  design,  growth, 
fabrication,  and  characterization  of  a  new  class  of  normal  incidence  p-type  strained-layer  III-V  quan¬ 
tum  well  infrared  photodetectors  (QWIPs).  Both  the  tensile  and  compressive  strains  are  used  in  the 
quantum  well  to  alternate  the  energy  band  structures  and  intersubband  transitions  in  these  QWIPs. 
An  ultralow  dark  current  p-type  tensile  strained-layer  (PTSL)  Ino.3Gao.7As/Ino.48A.lo.52As  QWIP 
formed  on  InP  substrate  and  a  p-type  compressively  strained-layer  (PCSL)  Ino.4Gao.6As/GaAs 
QWIP  formed  on  GaAs  substrate  have  been  successfully  fabricated  and  characterized  in  this  work 
for  the  3  -5  fim  mid-wavelength  infrared  (MWIR)  and  8  -  12  /i  long-wavelength  infrared  (LWIR) 
detection.  Accomplishments  and  publications  are  given  in  Section  II,  and  the  technical  results  are 
presented  in  Section  III. 

II.  Research  Accomplishments  and  Publications 

Research  accomplishments  and  publications  supported  by  this  ARPA/ONR  grant  are  summa¬ 
rized  as  follows: 

2.1  Research  Accomplishments: 

1.  A  new  normal  incidence  p-type  strained  (PSL)  InGaAs/InAlAs  QWIP  with  peak  response 

wavelength  at  \p  =  8.1  pm  and  operating  under  background  limited  performance  (BLIP) 
condition  at  77  K  has  been  developed  for  the  first  time.  This  detector  is  under  BLIP  for  T  < 
100  K,  which  is  the  highest  BLIP  temperature  ever  reported  for  a  QWIP. The  BLIP  detectivity 
for  this  QWIP  at  peak  wavelength  Ap  =  8.1  pm  was  found  to  be  5.9  x  10^®  cm  —  at 

14  =  2  V  and  T  =  77  K.  The  extremely  low  dark  current  density  (7  x  10“*  A/cm^)  observed 
in  this  QWIP  at  77  K  offers  an  excellent  opportunity  to  fabricate  high  performance  focal 
plane  arrays  using  PSL-QWIPs  for  77  K  operation.  The  results  are  described  in  Section  3.3. 

2.  A  new  2-  color  normal  incidence  p-type  compressive  strained-layer  InGaAs/GaAs  QWIP 
grown  on  SI  GaAs  substrate  by  MBE  technique  have  been  developed.  Device  fabrication  and 
characterization  have  been  carried  out  and  the  results  are  presented  in  Section  3.4. 

3.  Design,  growth,  fabrication,  and  characterization  of  a  new  two-color  enhanced  bound-to- 
continuum  band  (EBTC)  and  bound-to-miniband  (BTM)  transition  GaAs/GaAlAs  QWIPs 
grown  on  GaAs  substrate  have  been  carried  out  and  the  results  are  described  in  Section  3.2. 
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4.  Conduct  theoretical  and  experimental  studies  on  the  effects  of  grating  period,  quantum  well 
doping  density  and  barrier  height  on  the  performance  of  a  grating  coupled  InGaAs  BTM 
QWIP  with  2Lnd  without  waveguide  structure,  and  the  results  are  depicted  in  Section  3.3. 

5.  Since  the  beginning  of  this  project,  three  Ph.D.  and  three  M.S.  students  have  completed  their 
degree  on  the  QWIP  project  sponsored  by  the  ARPA/ONR  grant.  An  AASERT  sponsored 
Ph.D.  student  has  started  in  July,  1993  working  on  the  new  high  performance  normal  incident 
p-type  strained-layer  III-V  QWIPs  for  focal  plane  arrays  applications. 

6.  Dr. Li  presented  an  invited  talk  on  the  Grating  Coupled  and  Normal  Incidence  III-V  QWIPs 
at  the  NATO  Advanced  Research  Workshop  on  Intersubband  Transition  Physics  and  Devices, 
Whistler,  Canada,  Sept.7-10,  1993. 

7.  Dr. Li  presented  an  invited  talk  on  Grating  Coupled  III-V  QWIPs  for  the  Mid-  and  Long- 
Wavelength  Infrared  (LWIR)  Detection,at  the  First  Int.  Symposium  on  Long  Wavlength 
Infrared  Detectors  and  Arrays,  Electrochemical  Society  Meeting,  New  Orlean,  October  10-13, 
1993. 

8.  Dr.  Li  has  completed  a  book  chapter  (chapter  4,  60  pages)  on  Metal  Grating  Coupled 
Bound- to-Miniband  (BTM)  Transition  Quantum  Well  Infrared  Photodetectors 
for  the  book  on  Long  Wavelength  Quantum  Well  Infrared  Photodetectors  edited  by  Dr.  O. 
M.  Manasreh,  which  is  scheduled  to  publish  by  Artech  House  in  1994. 

2.2.  Refereed  Journal  Papers: 

1.  L.  S.  Yu  andS.  S.  Li,“A  Low  Dark  Current,  High  Detectivity  Grating  Coupled  AlGaAs/GaAs 
Mulitple  Quantum  Well  IR  Detector  Using  Bound-to-Miniband  IVansition  for  10  /im  Detec¬ 
tion,”  Appl.  Phys.  Letts.,  59  (11),  p.l332,  Sept.9,  1991. 

2.  L.  S.  Yu,S.  S.  Li,  and  Pin  Ho  “Largely  Enhanced  Bound-to-Miniband  Absorption  in  an 
InGaAs  Multiple  Quantum  Well  with  a  Short-Period  Superlattice  InAlAs/InGaAs  Barrier  ” 
Applied  Phys.  Letts.,  59  (21),  p.2712,  Nov.  18,  1991. 

3.  L.  S.  Yu,  Y.  H.  Wang,S.  S.  Li  and  Pin  Ho, “A  Low  Dark  Current  Step-Bound-to-Miniband 
Transition  InGaAs/GaAs/AlGaAs  Multiquantum  Well  Infrared  Detector,”  Appl.  Phys.  Letts., 
60(8),  p.992,  Feb.24,  1992. 
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4.  L.  S.  Yu, S'  S.  Li, and  P.  Ho, “A  Normal  Incident  Type- II  Quantum  Weil  Infrared  IDetector 
Using  an  Indirect  AlA8/Alo.sGao^A8  System  Grown  on  [110]  GaAs,” Electronics  Letts.,  28(15) 
p.1468,  July,16,  1902. 

5.  L.  S.  Yu,S.  S.  Li,  Y.  H.  Wang,  and  Y.  C.  Kao,“A  Study  of  Coupling  E^ciency  versus 
Grating  Periodicity  in  A  Normal  Incident  Grating-Coupled  GaiAs/AlGaAs  Quantum  Well 
Infrared  Detector,”  J.  Appl.  Phys.,  72(6),  pp.2105.  Sept.  15,  1992. 

6.  Y.  H.  Wang,  S,  S.  Li,  and  P.  Ho, “A  Photovoltaic  and  Photoconductive  Dual  Mode  Operation 
GaAs/AlGaAs  Quantum  Well  Infrared  Detector  for  Two  Band  Detection,”  Appl. Phys.  Lett., 
62(1),  pp.93-95,  Jan.  4  1993. 

7.  Y.  H.  Wang,S.  S.  Li,  and  P.  Ho, “A  Voltage-Tamable  Dual  Mode  Operation  InAlAs/InGaAs 
Bound-to-Miniband  Transition  QWIP  for  Narrow  and  Broad  Band  Detection  at  10  /im,” 
Appl.  Phys.  Lett.,  62(6),  pp.621-624,  Feb.  8 , 1993. 

8.  P.  Ho,  P.  A.  Martin,  L.  S.  Yu,  andS.  S.  Li, “Growth  of  GaAs  and  AlGaAs  on  Misoriented 
(110)  GaAs  and  a  Normal  Incidnece  Type-II  Quantum  Well  Infrared  Detector,”  J.  Vacuum 
Science  and  Technology  B,ll(3),  pp.935-944,  May/June,  1993. 

9.  S.  S.  Li,  M.  Y.  Chuang  and  L.  S.  Yu, “Current  Conduction  Mechanisms  in  Bound-to-Miniband 
Transition  III-V  Quantum  Well  Infrared  Photodetectors,”  J.  Semiconductor  Science  and 
Technology,  vol.8,  pp. 406-411,  1993. 

10.  Y.  H.  Wang.S.  S.  Li,  P.  Ho,  and  M.  O.  Manasreh,  “A  Normal  Incidence  Type-II  Quantum 
Well  Infrared  Photodetector  Using  An  Indirect  AlAs/AlGaAs  System  Grown  on  [110]  GaAs 
for  the  Mid-  and  Long- Wavelength  Multicolor  Detection,”  J.  Appl.  Phys.,  vol.74(2),  pp.l382- 
87,  July  15,  1993. 

11.  Y.  C.  Wang  andS.  S.  Li, “A  Numerical  Analysis  of  Double  Periodic  Reflection  Metal  Grating 
Coupler  for  Multiquantum  Well  Infrared  Photodetectors,”  J.  Appl. Phys. ,vol. 74(4),  pp.2192- 
96,  August  15,  1993. 

12.  Y.  C.  Wang  andS.  S.  Li,“  Design  of  A  Two-Dimensional  Square  Mesh  Metal  Grating  Coupler 
for  GaAs/ AlGaAs  Quantum  Well  Infrared  Photodetectors,”  J.  Appl.Phys.,  vol.75(l),  pp.582- 
587,  Jan.l5,  1994. 
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13.  Y.  H.  Wang.S.  S.  Li,  J.  Chu,  and  P.  Ho,  "An  Ultra-low  Dark  Current  Normal  Incidence 
P-type  Strained  Layer  InGaAs/InAlAs  QWIP  with  Background  Limited  Performance  at  77 
K,"  Appl.  Phys.  Lett.,  vol.64(6),pp.727-729,  Feb.  7  (1994). 

14.  D.  Wang,  G.  Bosman,  and  S.  S.  Li, "On  the  Dark  Current  Noise  of  Quantum  Well  Infrared 
Photodetectors,”  Appl.  Phys.  Lett.,  accepted,  April  (1994). 

15.  Y.  C.  Wang  and  S.  S.  Li,“A  Planar  2-Dimen8ional  Circular  Aperture  Metal  Grating  Coupler 
for  Quantum  Well  Infrared  Photodetectors,”  J.  Appl.  Phys.,  75(12),  pp.  xx  15  June  (1994). 

16.  Y.  H.  Wang,  J.  C.  Chiang,  S.  S.  Li,  and  P.  Ho, “A  Two-color  GaAs/AlAs/AlGaAs  and 
GaAs/AlGaAs  Stacked  QWIP  for  3-5  and  8-14  /im  Detection,”  J.  Appl.  Phys.,  accepted, 
April,  1994. 

17.  Y.  H.  Wang  and  S.  S.  Li,  and  P.  Ho,  “A  Normal  Incidence  P-type  Compressive-  Strained- 
Layer  InGaAs/GaAs  Quantum  Well  Infrared  Photodetector  for  Mid-  and  Long- Wavelength 
Infrared  Detection,”  Appl.  Phys.  Lett.,  submitted,  April,  1994. 

2.3.  Workshop  and  Conference  Presentations 

1.  L.  S.  Yu,  S.  S.  Li,  and  Pin  Ho,  “  Largely  Enhanced  Intra-subband  Absorption  in  a  Wide 
InAlAS/InGaAs  Quantum  Well  with  a  Short-Period  Superlattice  Barrier  Structure,’  pre¬ 
sented  at  the  SPIE’s  Symposium  on  Quantum  Wells  and  Superlattices,  Somerset,  NJ,  23-27 
March, 1992.  Paper  published  in  the  SPIE  Conference  Proceeding. 

2.  S.  S.  Liand  L.  S.  Yu,  “Grating  Coupled  Bound-to-Miniband  Transition  III-V  Quantum  Well 
Infrared  Detectors,”  Invited  Talk,  presented  at  the  Innovative  Long  Wavelength  Infrared 
Photodetector  Workshop,  Jet  Propulsion  Lab.,  Psisadena,  CA,  April  7-9,  1992. 

3.  L.  S.  Yu  and  S.  S.  Li, “A  Normal  Incident  Type-II  Quantum  Well  Infrared  Detector  Using  an 
Indirect  AlAs/Alo.5Gao.5As  System  Grown  on  [110]  GaAs,  presented  at  the  Innovative  Long 
Wavelength  Infrared  Photodetector  Workshop,  Jet  Propulsion  Lab.,  Pasadena,  CA,  April  7-9, 
1992. 

4.  L.  S.  Yu,  S.  S.  Li,  Y.  H.  Wang,  and  P.  Ho,“  Grating  Coupled  III-V  Quantum  Well  Infrared 
Detectors  Using  Bound-to-Miniband  Transition,”  presented  at  the  SPIE  Conference  on  In¬ 
frared  Detectors  and  Focal  Plane  Arrays  at  OE/Aerospace  Sensing  9S,”  Orlando,  FL,  April 
20-24,  1992.  Full  paper  published  in  the  SPIE  conference  proceeding. 
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5.  S.  S.  Li, “Grating  Coupled  Bound-to-Miniband  Transition  III-V  Multiquantum  Well  Infrared 
Photodetectors, ”  presented  at  the  DARPA  IR  Detector  Workshop,  Washington  D.C.,  June 
12,  1992. 

6.  S.  S.  Li,  M.  Y.  Chuang  and  L.  S.  Yu, “Current  Conduction  Mechanisms  in  Bound-to-Miniband 
Transition  III-V  Quantum  Well  Infrared  Photodetectors ,”  presented  at  the  International  Con¬ 
ference  on  Narrow  Gap  Semiconductors,  University  of  Southampton,  Southampton,  UK,  July 
19-23,  1992. 

7.  P.  Ho,  P.  A.  Martin,  L.  S.  Yu,  and  S.  S.  Li, “Growth  of  GaAs  and  AlGaAs  on  Misoriented 
(110)  GaAs  and  a  Normal  Incidnece  Type-II  Quantum  Well  Infrared  Detector,”  presented  at 
the  ISth  North  American  Conference  on  Molecular  Beam  Epitaxy,”  Oct. 12-14,  1992. 

8.  S.  S.  Li, “Novel  Grating  Coupled  Miniband  Transport  III-V  Multiquantum  Well  Infrared 
Photodetectors  for  Focal  Plane  Array  Applications,”  presented  at  the  DARPA  IR  Detector 
Workshop,  Washington  D.C.,  Dec  11,  1992. 

9.  S.  S.  Li,  Y.  H.  Wang,  M.  Y.  Chuang,  P.  Ho,“Photoconductive  and  Photovoltaic  Dual-Mode 
Operation  III-V  Quantum  Well  Infrared  Photodetectors  for  2  -  14  pm  Detection,”  presented 
at  the  Materials  Research  Society  (MRS),  Symposium  C2  on  Infirared  Detectors,  San 
Francisco,  April  12-16,  1993. 

10.  D.  Wang,  Y.  H.  Wang,  G.  Bosman  and  S.  S.  Li,“Noise  Characterization  of  Novel  Quantum 
Well  Infrared  Photodetectors,”  Invited  Talk  presented  at  the  12th  Int.  Conf  on  Noise  in 
Physical  Systems  and  1/f  Fluctuations  -  The  High  Technologies  Conference,  St.  Louis,  MO, 
August  16-20,  1993. 

11.  S.  S.  Li,“Some  Novel  High  Performance  III-V  Quantum  Well  Infrared  Photodetectors  for  Fo¬ 
cal  Plane  Array  Image  Sensor  Applications,”  Invited  Talk  presented  at  the  NATO  Advanced 
Research  Workshop  on  Intersubhand  Transition  Physics  and  Devices,  Whistler,  Canada,  Septem¬ 
ber  7  -  10,  1993. 

12.  S.  S.  Li,  “Grating  Coupled  III-V  Quantum  Well  Infrared  Photodetectors  for  Mid- Wavelength 
and  Long-Wavelength  Infrared  Detection,”  Invited  Talk  presented  at  the  First  Interna¬ 
tional  Symposium  on  Long  Wavelength  Infrared  Photodetectors  in  conjunction  with  the  Fall 
Electrochemical  Society  (ECS)  Meeting  in  New  Orlean,  LA,  October  10  -15,  1993. 
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13.  S.  S.  Li,  Y.  H.  Wang,  J.  Chu,  and  P.  Ho, “A  Normal  Incidence  P-Type  Strained- Layer  In- 
GaAs/InAIAs  Quantum  Well  Infrared  Photodetector  with  Background  Limited  Performance 
at  77  K,”  1994  SPIE  Confennce  on  Infrared  Detectors  and  Focal  Plane  Arrays  III,  Orlando, 
FL,  April  4-6,  1994. 

14.  Y.  H.  Wang  and  S.  S.  Li,  and  P.  Ho,  “A  Two-Color  Normal  Incidence  P-type  Compressive- 
Strained- Layer  InGaAs/GaAs  Quantum  Well  Infrared  Photodetector  for  Mid-  and  Long- 
Wavelength  Infrared  Detection,”  2nd  Int.  Symp.  on  2-  20  fitn  Long  Wavelength  Infrared 
Detectors  and  Arrays:  Physics  and  Applications,”  the  186th  ECS  Meeting,  Miami  Beach, 
FL,  Oct.  9-14,  1994. 


2.4  Interactions  with  Government  and  Industrial  Laboratories 

1.  Continued  to  collaborate  with  Dr.  Pin  Ho  of  Gleneral  Electric  Co., in  Syracuse,  NY,  on  the 
growth  of  III-V  QWIP’s  structures  by  using  the  MBE  technique. 

2.  Contiuned  to  interact  and  exchange  technical  information  on  QWIP  results  with  Drs.  K. 
K.  Choi  and  M.  Tidrow  of  U.S.  Army  Electronics  Tech.  &  Devices  Laboratory,  EPSD,  Fort 
Monmouth,  NJ. 

3.  Dr.  Li  was  invited  to  give  a  seminar  at  the  Electronics  Technology  Laboratory,  WPAFB, 
Ohio,  on  The  bound-to-miniband  transition  III-V  QWIPs  on  August  21,  92,  and  discussed 
with  Dr.Omar  Manasreh  and  his  colleagues  in  the  Electronics  Technology  Laboratory  at  the 
WPAFB.  Dr.  Manasreh  had  performed  optical  absorption  measurements  on  Dr.  Li’s  QWIP 
samples,  while  Dr.  Li  has  fabricated  and  characterized  some  QWIP  sampies  provided  by  Dr. 
Manasreh. 

4.  Dr.  Li  was  invited  by  the  American  Engineering  Education  Association  (AEEA)  to  serve  on 
a  review  panel  for  Naval  Postdoctoral  Fellowship  program  in  Washington  D.C.  August  7,  92, 
to  review  a  dozen  of  proposals  submitted  by  various  applicants. 

5.  Mr.  Tom  Briere  of  InfraMetrics  has  contacted  Dr.  Li,  expressing  his  interest  in  using  our 
QWIPs  in  the  infrared  imaging  sensor  applications.  Dr.  Li  has  sent  a  copy  of  his  most  recent 
ARPA  quarterly  progress  report  to  Mr.  Briere.  Dr.  Li  will  keep  in  touch  with  InfraMetrics 
on  our  new  development  in  QWIP  arrays. 
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6.  Dr.  Li  has  collaborated  with  Drs.  Bill  Beck  and  John  Little  of  Martin  Marietta  Lab.  (MML), 
in  Baltimore,  Maryland  on  p*type  QWIP  research.  Dr.  Li  has  sent  a  PSL-InGaAs/InAlAs 
QWIP  sample  to  Dr.  Beck  for  evaluation  and  for  possible  fabrication  of  focal  plane  arrays  at 
MML. 

7.  Drs.Jan  Andersson  and  Len  Lundqvist  (both  working  on  grating  coupled  QWIP  arrays)  visited 
Dr.  Li’s  Lab.  on  October  15,  1993,  and  presented  a  seminar  on  grating  design  for  grating 
coupled  GaAs  QWIPs  in  our  Department. 

8.  Dr.  Li  was  invited  by  Electrochemcial  Society  (ECS)  to  serve  as  co-organizers  for  the  2nd. 
International  Symposium  on  2-20  (tm  Wavelength  Infrared  Detectors  and  Arrays:  Physics 
and  Applications  to  be  held  in  Miami  Beach,  PL.,  OctoberlO-15,  1994.  A  call  for  papers  has 
been  sent  out  to  interested  IR  detector  researchers. 

9.  The  p-type  strained-layer  III-V  QWIPs  developed  recently  in  our  Lab.  have  received  con¬ 
siderable  interest  in  the  QWIP  community.  We  have  received  many  requests  from  industry, 
universities,  and  governmen .  Labs,  for  the  preprints  of  the  PSL-QWIP  papers  presented 
at  the  199S  NATO  Advanced  Research  Workshop  on  Intersubband  Transition  Physics  and 
Devices  and  the  First  International  Symposium  on  Long  Wavelength  Infrared  Detectors  and 
Arrays-ECS  98’  as  well  as  SPIE’94  »«  Orlando. 

10.  Mr.  Ray  Bdcerak  of  ARPA  and  Dr.  John  Ahearn  of  Martin  Marrietta  Bedtimore  Lab.  visited 
Dr.  Li’s  Lab.  on  February  16,  to  review  Dr.  Lis’s  QWIP  research  program  at  UP  and  to  see 
the  laboratory  facilities.  Dr.  Li  has  made  a  presentation  on  his  QWIP  research  program  and 
discussed  with  Mr.  Balcerak  on  several  novel  p-type  strained-layer  III-V  QWIPs  for  10pm 
detection  with  high  BLIP  temperatures. 

11.  Dr.  Li  was  invited  by  Dr.  D.  Welheim  of  the  Passive  Sensors  Branch  of  Phillips  Laboratory 
at  Kirkland  APB,  NM,to  give  a  seminar  to  report  the  QWIP  research  activities  at  UP  and 
to  discuss  the  research  collaboration  on  QWIPs  between  UP  and  Phillips  Lab.  Dr.  visited 
Phillips  Lab.  on  March  15,  and  discussed  with  researchers  in  the  Passive  Sensor  Branch  at 
the  Phillips  Lab.  over  a  wide  range  of  issues  on  QWIP  research.  Dr.  Li  also  brought  some 
QWIPs  samples  for  their  test  use. 

12.  Dr.  Jose  Colon  from  Passive  Sensor  Branch  of  Phillips  Lab.  visited  Dr.  Li’s  Lab.  on  April 
8.  He  visited  Dr.  Li’s  QWIP  fabrication  and  characterization  Lab.  and  MBE  facilities,  and 
discussed  a  wide  range  of  subjects  on  QWIPs  for  possible  future  collaboration. 
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III.  Technical  Results 


In  this  section  we  discuss  a  new  class  of  p-type  strained-layer  III-V  quantum  well  infrared 
photodetectors  for  detection  in  the  3-5  pm  mid-wavewlength  infrared  (MWIR)  and  8-14  pm  long- 
wavelength  infrared  (LWIR)  atmospheric  spectral  windows,  with  special  emphasis  on  developing  a 
BLIP  QWIP  with  peak  response  at  10  pm  and  80  K  operation.  Several  new  p-type  strained-layer 
(PSL)  III-V  QWIPs  using  InGaAs/InAlAs  on  InP  and  InGaAs/GaAs  on  GaAs  substrates  have 
been  designed  and  two  have  been  fabricated  and  characterized  during  this  period  and  last  report¬ 
ing  period.  In  this  report,  the  theoretical  aspects  and  general  properties  of  the  p-type  strained-layer 
III-V  QWIPs  are  discussed,  and  the  results  on  two  p-type  strained-layer  InGaAs/InAlAs  and  In¬ 
GaAs/GaAs  QWIPs  are  presented  in  this  report. 

A  New  Class  of  Normal  Incidence  P-Type  Strained- Layer  III-V  Quantum  Well  Infrared 
Photodetectors  With  High  BLIP  Temperature  {Tblip  <  100  K) 

Summary:  We  report  two  new  normal  incidence  p-type  strained-layer  III-V  quantum  well  infrared 
photodetectors  (QWIPs)  for  3-5  pm  and  8-14  pm  detection.  An  ultra-low  dark  current  p-type  tensile 
strained- layer  (PTSL)  Ino.3Gao.7As/Ino.52Alo.48As  QWIP  grown  on  the  semi-insulating  (100)  InP 
substrate  by  MBE  technique  for  8-14  pm  detection  has  been  developed.  It  shows  background  limited 
performance  (BLIP)  for  T  <  100  K.  Due  to  a  1.5  %  lattice  mismatch  between  the  substrate  and 
quantum  well,  a  biaxial  tensile  strain  was  created  in  the  Ino.3Gao.7As  well  layers.  As  a  result,  the 
light-hole  state  becomes  the  ground  state  for  the  free  hole  with  small  effective  mass.  The  dramatic 
increase  of  optical  absorption  can  be  attributed  to  the  large  in-plane  density  of  states  and  the  small 
light-hole  effective  mass  as  a  result  of  heavy-  and  light-hole  state  inversion.  The  BLIP  detectivity 
DgLip  for  this  PTSL-QWIP  was  found  to  be  5.9x10^®  cm  —  y/WzfW  at  Ap  =  8.1  pm,  V5  =  2V ,  and 
T  =  77  K.  Another  p-type  compressive  strained-layer  (PCSL)  Ino.4Gao.6As/GaAs  QWIP  grown  on 
(100)  semi- insulating  GaAs  substrate  for  3-5  pm  and  8-14  pm  infrared  detection  was  demonstrated 
for  the  first  time.  This  PCSL-QWIP  shows  a  broadband  double-peak  response  between  8  and  9  pm 
wavelength  by  utilizing  the  resonant  transport  coupling  mechanism  between  the  heavy-hole  type-I 
states  and  the  light-hole  type-II  states.  Using  the  compressive  strain  in  the  InGaAs  quantum  well, 
normal  incident  absorption  was  greatly  enhanced  by  the  reduction  of  heavy-hole  effective  mass  and 
the  increase  in  the  off-zone  center  density  of  states.  Detectivity  at  Api  =  8.9  pm  was  found  to  be 
4.0x10®  cm-y/Wz/Vi  at  Vi  =  0.3  V  and  T  =  75  K  for  this  PCSL-QWIP. 

3.1  Introduction 
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Quantum  well  infrared  photodetectors  (QWIPs)  using  n-type  GaAs/AlGaAs  and  InGaAs/InAlAs 
material  systems  for  3  -5  pm  mid-wavelength  infrared  (MWIR)  and  3-14  pm  LWIR  atmospheric 
transmission  windows  have  been  extensively  studied  in  recent  years  [1].  With  small  electron  ef¬ 
fective  mass  and  high  electron  mobility,  the  n-type  GaAs  and  InGaAs  QWIPs  offer  excellent  IR 
detection  properties.  However,  the  quantum  mechanical  selection  rule  for  the  intersubband  transi¬ 
tion  requires  that  the  radiation  electric  field  has  a  component  perpendicular  to  the  quantum  well 
plane  in  order  to  induce  intersubband  absorption  in  the  quantum  wells.  As  a  result,  for  n-type 
QWIPs,  it  is  necessary  to  use  the  planar  metal  or  dielectric  grating  structures  for  coupling  the 
normal  incident  IR  radiation  into  absorbable  angles  [3]  in  the  quantum  wells.  P-type  QWIPs  using 
valence  intersubband  transitions  have  been  demonstrated  in  the  lattice-matched  GaAs/AlGaAs 
and  InGaAs/InAlAs  material  systems  [4,5,6,7].  Due  to  the  band  mixing  between  the  light-hole  and 
heavy-hole  states,  the  normal  incident  illumination  is  allowed  for  the  intersubband  transition  in 
p-type  QWIPs.  Generally,  the  intersubband  transitions  under  normal  incident  radiation  in  p-type 
quantum  wells  are  induced  by  the  linear  combination  of  p-like  valence-band  Bloch  states  which 
provides  a  nonzero  coupling  between  these  components  and  the  normal  radiation  field.  The  strong 
mixing  between  the  light-hole  and  heavy-hole  states  for  k  5^  0  greatly  enhances  the  normal  inci¬ 
dence  intersubband  absorption.  However,  in  the  unstrained  lattice-matched  quantum  well  systems, 
these  intersubband  transitions  occur  between  the  heavy-hole  ground  state  and  the  upper  heavy-hole 
excited  states.  Due  to  the  large  heavy-hole  effective  mass,  weak  absorption  and  low  responsivity 
are  expected  in  the  unstrained  p-QWIPs. 

Strain  effects  induced  by  lattice-mismatch  can  modify  the  energy  bandgap  of  quantum  well, 
split  the  degeneracy  of  the  heavy-  and  light-hole  bands  at  the  center  of  Brillouin  Zone  21s  shown 
schematically  in  Fig.  1,  and  modify  carrier  transport  properties  [8].  Matthews  and  Blakeslee  [9] 
reported  that  a  high  quality  of  coherently  strained-layers  can  be  grown  if  the  individual  layer 
thickness  of  the  system  is  within  its  critical  thickness.  Osbourn  [10,11]  demonstrated  that  coherently 
strained-layer  superlattices  (SLS)  can  be  used  for  a  wide  variety  of  novel  optoelectronic  devices 
such  as  lasers,  modulators,  enhanced-mobility  field  effect  transistors,  light-emitting  diodes,  and 
photodetectors. 

3.2  Theory 

When  a  biaxial  strain  is  applied  between  two  thin  superlattice  layers,  the  pseudomorphic  or 
coherent  heterointerfaces  can  be  obtained  if  the  individual  layer  thickness  is  within  the  critical 
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thickness.  As  a  result,  the  misfit  due  to  the  lattice  constant  mismatch  is  totally  accommodated 
by  the  elastic  strain.  The  biaxial  strain  can  be  either  compressive  or  tensile  depending  on  the 
lattice  constants  and  layer  growth  direction.  Based  on  the  force  balance  model  [9],  the  equilibrium 
critical  layer  thickness  h^  for  an  epilayer  with  lattice  constant  a  grown  on  a  substrate  with  a  lattice 
constant  a,  is  given  by 


1  —  l/CO«^0 


1  +  ln{hV2/a) 


(1) 


8ir(l  +  t/)cosa 

where  h  is  the  epilayer  thickness,  6  is  the  angle  between  dislocation  line  and  Burges’  vector,  a  is 
the  angle  between  slip  direction  and  the  layer  plane  direction,  6o  is  the  lattice- mismatch  or  in-piane 
strain,  6o  =  (a,  -  a)/a,  (6o  >  0  for  tensile  strain,  £o  <  0  for  compressive  strain),  and  i/  is  the  Poisson 
ratio,  u  =  -C12/C11.  Cij  are  the  elastic  constants  which  can  be  found  in  reference  [12]. 


For  a  coherent  strained  multiple  layer  QWIP  structure,  the  multilayers  can  also  be  grown  on  a 
substrate  having  a  lattice  constant  a^  with  misfit-free  quality  if  a,  =  a|| ,  where  a||  is  the  equilibrium 
in-plane  lattice  constant  for  the  multi-layers.  It  can  be  calculated  by  [9] 


“11  = 


oiiiLi  -I-  02(2^2 


(2) 


^<1^1  +  ^2(2 

where  ai,2  and  Li,2  are  the  individual  layer  lattice  constant  and  thickness,  respectively.  (  is  the 
shear  modulus  given  by  ^  =  (Cn  +  C12  -  2C12/C11).  In  the  case  a||  56  a,,  the  coherently  strained- 
layer  superlattice  structure  is  no  longer  in  equilibrium  with  the  substrate.  For  instance,  if  the 
lattice  constant  of  the  barrier  layers  is  equal  to  that  of  substrate,  then  the  strain  will  be  entirely 
accommodated  in  the  well  layers  with  no  strain  in  the  barrier  layers.  However,  Hull  et  al.  [13] 
showed  that,  even  though  a||  a«,  if  the  individual  layer  thickness  in  the  superlattice  is  less  than 

its  critical  thickness,  the  loss  of  coherence  only  occurs  at  the  interface  between  the  whole  superlattice 
and  substrate,  and  the  entire  superlattice  still  remains  coherent  by  itself.  If  the  coherently  strained- 
layer  structure  of  a  QWIP  is  grown  2ilong  [100]  direction,  the  components  of  the  strain  tensor  [e] 
for  layers  are  reduced  to 


6xr 

a,  -  a|| 

=  eyy  =  e||  =  ; 

a„ 

(3) 

f2Ci2\ 

(4) 

Cxy 

—  ~  0. 

(5) 

In  order  to  fully  describe  the  optical  and  electronic  properties  (such  as  energy  bandgap,  sub¬ 
band  energy  level  splitting,  intersubband  transition  etc.,)  for  a  coherently  strained-layer  structure. 
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the  multiband  effective-mass  k.p  model  based  on  the  perturbation  i^proximation  should  be  used. 
In  the  k.p  model,  the  interactions  of  S-P  type  coupling  among  the  conduction  band  (CB),  heavy- 
hole  (HH),  light-hole  (LH),  and  spin-orbit  (SO)  states  combined  with  spin-orbit-like  coupling  are 
taken  into  consideration  in  the  derivation  of  the  band  structures,  which  results  in  8x8  k.p  Hamil¬ 
tonian  and  momentum  matrix  elements.  Under  the  perturbation  approximation,  a  set  of  wave 
functions  of  Si/j:  (|l/2,±l/2  >c),  P3/2:  (|3/2,±3/2  >;  |3/2,±l/2  >),  and  Pj/j  are  given  by: 
(|l/2,  ±1/2  >)  are  used  as  the  unperturbed  and  unstrained  basis  in  the  \J,mj  >  representation 
[14].  mj  =  ±  1/2  represent  light-particle  states  (either  for  electron  or  for  light-hole),  while  mj  =  ± 
3/2  denote  the  heavy-particle  states  (for  HH).  When  a  larger  bandgap  exists  such  as  in  InGaAs  and 
GaAs  layers  compared  with  the  elements  of  k.p  matrix  between  the  conduction  band  and  valence 
band  states,  a  reduced  6x6  k.p  Hamiltonian  can  be  roughly  used  to  depict  the  P-like  properties  of 
the  coherently  strained-layers  by  considering  the  S-like  conduction  band  states  as  a  perturbation. 
The  wave  functions  of  the  coherently  strained-layer  superlattice  at  the  zone  center  (i.e.  k  =  0)  are 
given  by  [15], 


[3/2,  ±3/2  > 

HH  states 

(6) 

7|3/2,±l/2>+/?|l/2,±l/2> 

LH  states 

(7) 

-/?(3/2,  ±1/2  >-f7|l/2,  ±1/2  > 

SO  states 

(8) 

where  7  and  /?  are  constants  depending  on  the  strain  parameters.  It  is  seen  that  the  heavy-hole 
states  |3/2,±3/2  >  are  still  decoupled  with  other  valence  states  even  under  the  biaixial  strain  at 
k  =  0,  while  light-hole  states  and  spin-orbit  split-oif  states  are  coupled  at  k  =  0.  However,  HH, 
LH,  and  SO  states  are  variedly  mixed  [16,17]  in  the  coherently  strained-layer  superlattice  if  k  0. 
This  kind  of  mixtures  (between  the  states  with  different  mj’s)  is  due  to  the  boundary  conditions 
across  the  interface  of  the  quantum  well  layers.  lYom  the  k.p  matrix,  the  interaction  between  the 
different  mj’s  states  is  proportional  to  the  transverse  components  of  the  wave  vector  (i.e.  kx.y), 
so  that  HH-states  are  decoupled  when  kx,y  =  0.  Note  that  kx,y  are  conserved  across  the  interfaces 
since  interface  potential  depends  only  on  z,  the  quantum  well  growth  direction.  The  band  mixing 
can  be  significant  if  the  F-bandgap  is  small  (e.g.,  GaAs  and  InGaAs)  and  if  LH-  and  SO-bands 
involved  in  the  transition  have  a  large  k^  [16]. 

From  the  elasticity  theory  [8],  the  biaxial  strain  can  be  divided  into  two  independent  com¬ 
ponents:  one  is  isotropic  or  hydrostatic  component  and  the  other  is  anisotropic  or  shear  uniaxial 
component.  The  strain-induced  energy  shifts,  ^Ejj  due  to  the  hydrostatic  component  and  ^Eu 
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due  to  the  shear  uniaxial  component,  can  be  expressed,  respectively,  by  [18] 


AEh 

o.r  -  Cl2  r 

~  Cji 

(9) 

AEu 

,/  Cii  4-  2Ci2  t 

(10) 

where  Wed  und  Vgj  are  the  conduction-band  deformation  potential  and  shear  deformation  potential, 
respectively. 


The  energy  bandgaps  due  to  the  strain  for  the  heavy-hole,  light-hole,  and  spin-orbit  states  at 
k  =  0  are  given  by  [18] 


Ehh  =  Ego  -1-  AEh  —  AEu 

(11) 

Elh  =  Ego  +  AEh  4-  AEu  -  +  •  •  • 

(12) 

(AEu)^ 

Eso  =  Ego  +  Ao+\^^  +••• 

(13) 

where  Ego  is  the  unstrained  bandg^  and  Ao  is  the  spin-orbit  splitting  energy.  FVom  the  above 
equations,  it  is  noted  that  both  the  heavy-hole  and  light-hole  states  can  be  shifted  as  a  result  of 
the  biaxial  strain  and  spin-orbit  splitting  energy. 


The  calculation  of  both  the  intersubband  and  interband  transitions  in  a  p-type  strained-layer 
QWIP  requires  the  use  of  6x6  Hamiltonian  which  includes  the  above  k.p  Hamiltonian  [15]  and  the 
strain  Hamiltonian  [8].  The  strain  and  spin-orbit  coupling  terms  do  not  lift  the  spin  degeneracy,  and 
hence  the  6x6  Hamiltonian  matrix  can  be  factorized  into  two  3x3  irreducible  matrices.  In  order 
to  simplify  the  problem,  we  assume  the  Fermi  distribution  function  is  equal  to  one  for  the  confined 
ground  state  and  zero  for  the  excited  states  in  equilibrium.  The  absorption  coefficient  for  the 
intersubband  (or  interband)  transition  between  the  initial  ground  state  i  and  the  final  continuum 
state  f  is  given  by  [19] 


/  4irV  f  2dk  ,,  ,  „  ,2  r/27r 

■  V  n^cm^u,  Jbz  (2t)3  ‘  [A,./(k)  -  +  (rV4) 


2dk 


r/27r 


(14) 


where  nr  is  the  refractive  index  in  the  quantum  well,  mo  is  the  free  electron  mass,  A,-,/  is  the  energy 
difference  between  the  initial  state  i  (with  energy  Ei(k))  and  the  final  state  f  (with  energy  E/(k)), 
6  and  u  are  the  unit  polarization  vector  and  the  frequency  of  the  incident  IR  radiation,  f,-  (or  f^) 
is  the  Fermi  distribution  function  of  initial  (or  final)  state,  F  is  the  full  width  of  level  broadening 
(~  fi/Tt/,  Tif  lifetime  between  states  i  and  f).  |e  •  Pt,/|  is  the  optical  transition  elements  between 
the  quantum  well  valence  ground  subband. states  i  and  the  continuum  subband  states  f  in  HH-, 
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LH-,  and  SO*bands,  and  can  be  derived  from  two  3x3  k.p  matrix  elements  (see  Appendix).  The 
optical  transition  elements  show  the  selection  rule  of  the  intersubband  transition  for  the  p-type 
coherently  strained-layer  quantum  well.  For  the  same  types  of  intersubband  transitions  such  as 
LH«-»LH,  and  SO^-^SO,  the  oscillator  strength  is  proportional  to  either  (or  k,)  or  k|| 
(or  kx,y).  For  the  mixing  types  of  interband  transitions  such  as  HH^SO,  and  LH4-»S0, 

each  polarization  of  the  normal  incident  light  can  contribute  to  the  intersubband  absorption. 

3.3  A  P-Type  Tensile  Strained-layer  InGaAs/InALAs  QWIP 

A  p-type  tensile  strained-layer  (PTSL)  Ino.3Gao.7As/Ino.53Alo.48As  quantum  well  infrared  pho¬ 
todetector  (QWIP)  grown  on  semi-insulating  (100)  InP  substrate  by  MBE  technique  for  M  /im 
detection  has  been  developed.  This  PTSL-QWIP  shows  ultra  low  dark  current  density 
at  V5  =  4  V  which  is  about  six  orders  of  magnitude  smaller  than  the  standard  GaAs/AiGaAs 
QWIP.  The  PTSL-QWIP  is  under  background  limited  performance  (BLIP)  at  \p  =  8.1  /im  for  T 
<  90  K,  which  is  the  highest  BLIP  temperature  ever  reported  for  the  QWIP  family  [20]. 

3.3.1  Inversion  between  Heavy-  and  Light-hole  States 

Due  to  the  lattice  mismatch  between  the  InP  substrate  and  the  Ino.3Gao.7As  quantum  well, 
a  biaxial  tensile  strain  is  created  in  the  quantum  well  while  no  strain  exists  in  the  barrier  layer 
[21,22].  The  tensile  strain  in  the  quantum  wells  can  push  the  light-hole  levek  upward  and  pull  the 
heavy-hole  levels  downward.  As  a  result,  the  ground  heavy-hole  and  light-hole  states  are  inverted 
for  a  certain  strain  and  quantum  well  thickness,  and  the  light-hole  state  becomes  the  ground 
state  in  the  quantum  well.  Figure  2  shows  the  energy  band  diagram  for  the  PTSL-QWIP.  The 
band  bending  may  be  attributed  to  the  dopant  migration  effect  occurred  during  the  layer  growth. 
Figure  3  shows  the  subband  energy  levels  versus  energy  for  the  PTSL-QWIP  with  and  without 
tensile  strength  applied  to  the  quantum  well.  For  the  PTSL-QWIP,  the  intersubband  transition  is 
from  the  populated  light-hole  ground  state  to  the  heavy-hole  continuum  states.  Since  the  light-hole 
has  a  small  effective  mass,  the  optical  absorption  and  photoresponsivity  in  the  PTSL-QWIP  can  be 
greatly  enhanced  by  using  this  new  approach.  In  fact,  the  calculated  absorption  coefficient  by  Xie 
et  al.  [21]  for  the  Ino.3Gao.7As/Ino.s2Alo.48As  system  with  a  60  Awell  width  was  found  to  be  8,500 
cm“^  at  Xp  =  12  /im,  an  increase  of  more  than  five  fold  over  the  unstrained  P-QWIP,  as  shown  in 
Fig.4. 

3.3.2  Results  and  Discussion 
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The  normal  incidence  p-type  tensile  strained-layer  (PTSL-)  InojGao.7As/Ino.s3Alo.48As  QWIP 
uses  the  intersubband  transition  scheme  between  the  confined  ground  light-hole  state  (Elhi)  to  the 
continuum  heavy  hole  states  (Ehhs)-  The  PTSL-QWIP  structure  was  grown  on  the  (100)  semi- 
insulating  (SI)  InP  substrate  by  using  MBE  technique.  The  PTSL-QWIP  structure  consists  of 
20  periods  of  4-nm  Be-doped  Ino.3Gao.7As  quantum  well  with  a  dopant  density  of  1  x  10*^  cm~^ 
separated  by  45-nm  Ino.s3Alo.48 As  undoped  barrier  layer.  A  0.3-/im  cap  layer  and  a  l-/im  buffer 
layer  of  Be-doped  Ino.53Gao.47 As  with  a  dopant  density  of  2x  10^^  cm~^  were  grown  for  the  top  and 
bottom  ohmic  contacts.  The  contact  and  barrier  layers  are  lattice-matched  to  the  InP  substrate, 
and  the  quantum  well  layer  is  in  biaxial  tension  with  a  lattice  mismatch  of  approximately  1.5  %.  In 
order  to  measure  the  spectral  responsivity  and  dark  current  of  this  PTSL-QWIP,  a  200  x  200  pm^ 
mesa  structure  was  created  by  using  the  chemical  etching  process.  The  Au/Zn  alloy  was  thermally 
evaporated  onto  the  QWIP  mesas  with  a  film  thickness  of  1500  A,  followed  by  annealing  at  480 
for  3  minutes  to  obtain  stable  and  low  contact  resistance. 

Figure  5  shows  the  dark  current  density  and  300  K  background  photocurrent  density  versus 
bias  voltage  for  this  PTSL-QWIP  measured  at  T  =  77,  90,  100,  and  110  K.  The  QWIP  shows 
asymmetric  dark  current  characteristic  under  positive  and  negative  bias,  which  is  attributed  to  the 
band  bending  due  to  dopant  migration  effect  as  shown  in  Fig.  2.  The  dark  current  density  was 
found  to  be  equal  to  7x10“*  A/cm^  at  V5  =  2  V  and  T  =  77  K.  In  fact,  this  PTSL-QWIP  is  under 
background  limited  performance  (BLIP)  with  a  field  of  view  (FOV)  90°C  for  Vs  <  3  V  and  T  < 
100  K,  which  is  believed  to  be  the  highest  BLIP  temperature  ever  observed  in  a  QWIP.  The  ultra 
low  dark  current  density  observed  in  this  PTSL-QWIP  can  be  attributed  to  the  following  factors; 
(1)  the  dark  current  is  dominated  by  the  thermionic  emission  from  the  ground  light-hole  state  and 
transports  through  the  heavy-hole  continuum  states  above  the  barrier.  The  thermionic  emission 
current  is  drastically  reduced  due  to  the  increase  of  the  effective  barrier  height  by  the  strain  in  the 
quantum  well,  (2)  since  the  bandwidth  of  the  heavy-hole  continuum  states  is  very  narrow  (~  10 
meV  compared  to  the  unstrained  p-type  QWIP  of  about  25  meV),  a  reduction  of  dark  current  by 
about  ten  times  is  expected,  (3)  due  to  a  larger  heavy-hole  effective  mass  and  a  shorter  heavy-hole 
lifetime  in  the  continuum  states  (i.e.,  lower  photoconductive  gain;  about  ten  times  smaller  than 
that  of  n-type  QWIPs),  the  dark  current  is  greatly  reduced,  and  (4)  lower  thermally  generated  hole 
density  also  contributes  to  a  lower  dark  current. 

The  responsivity  of  the  QWIP  under  normal  incidence  illumination  was  meaisured  as  a  function 
of  temperature,  bias  voltage,  and  wavelength  using  a  globar  and  automatic  PC-controlled  single- 
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grating  monoctiromster  system.  The  measured  photocurrents  versus  wavelength  under  different 
positive  and  negative  biases  are  shown  in  Figs.  6(a)  and  (b),  respectively.  The  peak  response 
wavelength  for  this  QWIP  was  found  to  be  at  Ap  =  8.1  pm,  which  is  attributed  to  the  intersubband 
transition  between  the  confined  ground  light-hole  state  Elhi  to  the  continuum  heavy-hole  band 
states  Ehh3  <>8  illustrated  in  Fig.  2.  The  cutoff  wavelength  for  this  QWIP  was  found  to  be  8.8  pm 
with  a  spectral  bandwidth  of  AA/Ap  =  12  %.  Since  two  other  heavy-hole  bound  excited  states  are 
confined  inside  the  quantum  wells  with  very  low  tunneling  probability  off  the  thicker  barrier  layer, 
no  photoresponse  from  these  two  heavy-hole  states  was  detected.  The  responsivities  for  the  PTSL- 
QWIP  were  measured  by  using  a  standard  pyroelectric  detector  and  lock-in  amplifier  technique. 
Responsivities  of  34  mA/W  at  Vi  =  4  V  and  51  mA/W  at  Vi  =  -  4  V  were  obtained  for  this 
PTSL-QWIP.  The  BLIP  detectivity  at  Ap  =  8.1  pm  was  found  to  be  5.9x10^®  cm-V^/fz/W 
(with  a  responsivity  =  18  mA/W)  at  Vi  =  2  V,  FOV  =  90“  and  T  =  77  K.  The  quantum 
efficiency  for  the  PTSL-QWIP  was  estimated  to  be  18  %  from  the  responsivity  measurement  with 
a  photoconductive  gain  g  =  0.015. 

When  Johnson  noise  and  readout  circuit  noise  are  ignored,  %BLIP  for  positive  and  negative 
bias  are  evaluated  by  using 

where  inb,nd  are  fhe  300  K  background  photocurrent  noise  and  dark  current  noise,  respectively.  The 
insets  in  Fig.  6  show  the  calculated  %BLIP  results  for  the  positive  and  negative  biases.  A  nearly 
full  BLIP  detection  was  achieved  for  —2V  <  H  <  5  V.  As  a  result  of  the  full  BLIP  detection  in  our 
PTSL-QWIP,  the  noise  equivalent  temperature  difference  (NEAT)  in  the  focal  plane  array  imaging 
applications  is  expected  to  be  significantly  improved.  Figure  7  shows  the  responsivity  versus  bias 
voltage  for  the  PTSL-QWIP  measured  at  T  =  77,  90,  and  100  K  with  FOV  180  “.  The  results 
showed  that  the  responsivity  is  nearly  constant  and  independent  of  the  temperature. 

3.4  A  P-type  Compressive  Strained-layer  InGaAs/GaAs  QWIP 

A  normal  incidence  two-color  p>-type  compressive  strained-layer  (PCSL)  Ino.4Gao.6As/GaAs 
quantum  well  infrared  photodetector  (QWIP)  grown  on  (100)  semi-insulating  GaAs  substrate  by 
using  MBE  technique  for  3-5  pm  and  8-14  pm  detection  has  been  demonstrated  for  the  first  time. 
This  PCSL-QWIP  shows  a  broadband  double-peak  response  at  MWIR  and  LWIR  detection  bands 
by  utilizing  the  resonant  transport  coupling  mechanism  between  the  heavy-hole  type-I  states  and 
the  light-hole  type-II  states.  Using  the  compressive  strain  in  the  InGaAs  quantum  well  [23],  normal 
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incidence  absorption  was  greatly  enhanced  as  a  result  of  the  reduction  of  heavy-hole  effective  mass 
and  the  increase  of  density  of  states  off  the  zone  center.  Responsivities  of  93  mA/W  and  30  mA/W 
at  peak  wavelengths  of  Xpi  =  8.9  fim  and  Aps  =  5.5  fim,  respectively,  were  obtained  at  =  1.6  V 
and  T  =  75  K.  The  PCSL-QWIP  shows  the  background  limited  performance  (BLIP)  at  <  0.3 
V  and  T  =  70  K  for  the  8-14  ftm  LWIR  detection  band. 

3.4.1  Interaction  Between  Type-1  and  Type-II  QWs 

In  general,  the  strain  can  strongly  affect  the  energy  band  structure,  and  may  induce  splitting 
between  the  heavy-hole  and  light-hole  states  in  the  valence  band  zone-center,  which  is  degenerated 
in  the  unstrained  case.  In  the  Ino.4Gao.6As/GaAs  QWIP,  a  biaxial  compressive  strain  is  introduced 
in  the  InGaAs  quantum  well  layers  while  no  strain  is  present  in  the  GaAs  barrier  layers.  The  strain 
pushes  the  heavy-hole  states  upward  and  pulls  the  light-hole  states  downward  in  the  InGaAs  well 
region.  The  light-  and  heavy-hole  bands  are  split  in  the  InGaAs  well  region  and  degenerated  in  the 
GaAs  barrier  region  at  the  Brillouin  zone  (BZ)  center  (i.e.  k  =  0). 

The  p-type  compressive  strained-layer  Ino.4Gao.6As/GaAs  PCSL-QWIP  was  grown  on  a  SI 
GaAs  substrate  by  using  MBE  technique.  This  PCSL-QWIP  structure  consists  of  20  periods  of 
4-nm  Be-doped  Ino.4Gao.6A6  quantum  well  with  a  dopant  density  of  4x10^^  cm~^  separated  by  a 
35-nm  GaAs  undoped  barrier  layer.  A  0.3-pm  cap  layer  and  a  0.7-pm  buffer  layer  of  Be-doped 
GaAs  with  a  dopant  density  of  5x10**  cm~*  were  grown  for  the  top  and  bottom  ohmic  contacts. 
The  contact  and  barrier  layers  are  lattice-matched  to  the  SI  GaAs  substrate,  and  the  Ino.4Gao.6A6 
quantum  well  layers  are  under  biaxial  compression  with  a  lattice  mismatch  of  approximately  2.8 
%.  The  ground  subband  energy  levels  confined  in  the  quantum  wells  are  the  highly  populated 
heavy-hole  states  Effffi.  The  mobility  of  the  heavy-hole  is  enhanced  by  the  compressive  strain 
created  in  the  InGaAs  quantum  well  layers  due  to  the  reduction  of  heavy-hole  effective  mass  [24] 
(i.e.,  by  a  factor  3).  In  addition,  due  to  the  compressive  strain  in  the  quantum  well,  the  density 
of  states  in  the  well  will  decrease.  As  a  result,  more  free  holes  have  to  reside  at  higher  energy 
states,  which  implies  that  the  effective  Fermi  level  is  elevated  by  the  compressive  strain  effect  as 
compared  to  the  unstrained  case.  The  elevation  of  the  effective  Fermi  level  will  result  in  an  increase 
of  the  number  of  the  off-BZ-center  free  holes  (i.e.,  k  ^  0)  with  lighter  effective  mass,  and  hence 
a  larger  intersubband  absorption  under  normal  IR  incidence  is  expected.  In  this  InGaAs/GaAs 
strained- layer  QWIP,  heavy-holes  are  in  type-I  band  alignment  configuration,  while  light-holes  are 
in  type-II  band  alignment  configuration.  Furthermore,  a  binary  GaAs  barrier  layer  is  employed 
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80  that  a  superior  current  transport  is  expected  over  that  of  a  ternary  barrier  layer.  It  should  be 
noted  that  unlike  other  types  of  QWIPs,  the  heavily  doped  contact  layers  of  this  PCSL-QWIP  are 
made  on  large-bandgap  GaAs.  A  large  tunneling  current  from  the  triangle  barrier  potential  near 
the  ohmic  contact  region  may  be  the  dominant  factor.  To  reduce  this  dark  current  component,  a 
thick  (550  A)  undoped  GaAs  barrier  layer  was  grown  next  to  the  top  and  bottom  contact  layers. 

Figure  8(a)  and  (b)  show  the  energy  band  diagram  and  subband  energy  states  for  the  In- 
GaAs/GaAs  PCSL-QWIP.  The  intersubband  transition  occurs  from  the  highly  populated  ground 
heavy-hole  state  (Ehhi)  to  the  upper  heavy-hole  continuum  states  {EhH3  and  £^^4)  for  the  8.8 
/im  LWIR  and  5  /im  MWIR  detection,  respectively.  As  shown  in  Fig.  8,  the  combination  of  type-I 
(for  heavy-hole)  and  type-II  (for  light-hole)  energy  band  configurations  has  three  main  ingredients 
to  improve  the  performance  of  the  PCSL-QWIP.  First,  the  mobility  of  the  heavy-holes  confined  in 
the  ground  states  (i.e.  HHl)  of  type-I  configuration  is  enhanced  by  the  internal  biaxial  compressive 
strain  effect,  from  which  a  larger  normal  incidence  absorption  can  be  achieved.  Second,  the  heavy- 
hole  excited  continuum  states  (i.e.  HH3)  are  resonant  with  the  GaAs  barrier  which  can  maximize 
the  absorption  oscillator  strength.  Finally,  the  heavy-hole  excited  continuum  states  are  resonantly 
lined  up  with  the  light-hole  states,  which  may  give  rise  to  a  strong  quantum  state  coupling  effect. 
It  is  the  resonant-line-up  effect  that  makes  the  conducting  holes  behaving  like  light-holes  with  high 
mobility,  small  effective  mass,  and  long  mean  free  path.  Thus,  a  larger  photoconductive  gain  and 
a  higher  photoresponse  are  expected  in  the  PCSL-QWIP. 

3.4.2  Results  and  Discussion 

In  order  to  measure  the  device  dark  current  and  spectral  responsivity  of  this  PCSL-QWIP, 
a  200x200  fiva^  mesa  structure  was  created  by  using  the  chemical  etching  process.  Cr/Au  metal 
films  were  deposited  onto  the  QWIP  mesas  with  a  thickness  of  about  1500  A.  The  substrate  of  the 
QWIP  device  was  thinned  down  to  about  50  /im  to  partially  eliminate  the  substrate  absorption 
screening  effect,  and  polished  to  mirror-like  surface  to  reduce  the  reflection  of  the  normal  incident 
IR  radiation. 

Figure  9  shows  the  dark  current  versus  bias  voltage  measured  at  T  =  30,  60,  and  77  K.  The 
QWIP  shows  the  asymmetrical  dark  current  characteristic  under  the  positive  and  negative  bias, 
which  is  attributed  to  the  band  bending  due  to  dopant  migration  effect  occurred  during  the  layer 
growth  [25].  This  PCSL-QWIP  is  under  background  limited  performance  (BLIP)  at  Vj,  =  0.3  V, 
0.7  V,  and  T  =  70,  55  K  respectively,  for  a  field  of  view  (FOV)  90°.  The  responsivity  of  this  QWIP 


18 


under  normal  incidence  illumination  was  measured  as  a  function  of  temperature,  bias  voltage, 
and  wavelength  using  a  blackbody  radiation  source  and  automatic  PC-controlled  single-grating 
monochromater  8)r8tem.  Two  dominant  peaks  were  detected:  a  twin  peak  in  the  LWIR  of  Api,3  = 
8.9,  8.4  pm  was  observed,  as  shown  in  Fig.  10,  and  the  other  is  in  the  MWIR  of  =  5.5  pm,  as 
shown  in  Fig.  11.  The  LWIR  twin  peaks  observed  at  Api,2  =  8.9,  8.4  pm  cover  a  broad  wavelength 
band  from  6.5  to  12  pm.  Responsivities  of  24  mA/W  at  Vfc  =  0.3  V  and  45  mA/W  at  Vj,  =  0.7 
V  were  obtained  at  T  <  75  K  for  the  two  peak  wavelengths.  The  cutoff  wavelength  for  the  LWIR 
detection  band  was  found  to  be  A^  at  10  pm  with  a  spectral  bandwidth  of  AA/Ap  =  35  %.  These 
twin  peak  wavelengths  are  attributed  to  the  intersubband  transition  between  the  confined  ground 
heavy-hole  state  to  the  continuum  heavy-hole  states  {Ehh3)>  which  is  resonantly  lined  up 

with  the  type-II  light-hole  continuum  states,  as  is  illustrated  in  Fig.  8.  The  transition  energy  for 
these  peak  wavelengths  is  in  reasonable  agreement  with  our  theoretical  calculation.  These  twin 
peaks  broaden  the  LWIR  detection  bandwidth  by  about  a  factor  of  2.  The  physical  origin  for  the 
twin  peaks  feature  is  not  clear,  but  a  possible  explanation  may  be  given  as  follows.  When  the 
continuum  HH-  and  LH-bands  are  strongly  mixed,  an  individual  subband  (either  HH-band  or  LH- 
band)  may  further  split  into  two  subsubbands  due  to  the  coupling  and  interaction:  one  upward  and 
the  other  downward.  This  gives  rise  to  the  observed  twin-peak  detection  in  the  LWIR  band.  The 
MWIR  peak  observed  at  Aps  =:  5.5  pm  covering  the  wavelengths  of  4  to  6.5  pm.  Responsivities  at 
Ap3  =  5.5  pm  were  found  to  be  7  mA/W,  13  mA/W  at  Vfc  =  0.3,  0.7  V  and  T  =  75  K,  respectively. 
The  spectral  bandwidth  of  AA/Aps  =  27  %  was  obtained  with  a  cutoff  wavelength  at  Ac  =  6 
pm.  The  intersubband  transition  occurred  between  Effffi  and  EffH4  subbands  was  responsible  for 
the  MWIR  detection.  However,  no  mixing  and  interaction  between  HH-band  and  LH  band  was 
observed  in  this  transition.  This  may  be  due  to  the  we2dc  overlap  interaction  at  higher  subbands. 
Since  subband  is  confined  inside  the  quantum  wells  with  very  low  tunneling  probability  off 

the  thicker  barrier  layer,  the  photoresponse  from  this  heavy-hole  state  was  not  detected. 

Responsivity  versus  bias  voltage  for  this  PSL-QWIP  was  measured  at  T  =  75  K,  and  the  results 
are  shown  in  Fig.  12(a)  and  (b).  The  responsivity  of  Api  =  8.9  pm  (or  Ap2  =  8.4  pm)  increases 
almost  linearly  with  bias  voltage  for  Vfc  <  -  1.6  V  and  Vt  <  -f  1.2  V,  and  then  rapidly  falls  to 
zero  from  the  peak  value  within  a  voltage  interval  of  0.1  V.  Similar  photoresponse  was  observed 
for  Ap3  =  5.5  pm.  Figure  13  shows  the  photoconductive  gain  versus  bias  voltage.  The  maximum 
photoconductive  gain  was  found  to  be  0.13  at  =  1.6  V,  and  decreased  rapidly  for  Vb  >  1.61^. 
This  is  due  to  the  resonant  transport  coupling  between  type-I  heavy-  and  type-II  light-hole  states. 
The  linear  photoresponse  with  bias  voltage  contributed  to  the  linear  photoconductive  gain  with 
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bias  as  shown  in  Fig.  9.  When  bias  voltage  increases,  the  coupling  transport  breaks  down,  and  the 
photoconductive  gain  becomes  very  small.  As  a  result,  no  photocurrent  was  detected  for  I4  >  1-6V'. 

3.5  Conclusions 

We  have  developed  two  new  normal  incidence  p-type  strained  layer  III-V  QWIPs  for  MWIR 
and  LWIR  detection.  The  p-type  tensile  strained-layer  (PTSL)  InGaAs/InAlAs  QWIP  is  under 
BLIP  for  V6  <  3  V  smd  T  <.  100  K.  The  BLIP  detectivity  for  the  PTSL-QWIP  was  greatly 
enhanced  by  the  biaxial  tensile  strain  introduced  in  the  wells  leading  to  the  inversion  of  heavy-  and 
light-hole  subbands  in  the  well.  It  has  achieved  the  highest  detectivity  and  lowest  dark  current 
at  Xp  =  8.1/im  and  T  =  77  K  ever  reported  for  a  QWIP.  The  p-type  compressive  strained-layer 
(PCSL)  InGaAs/GaAs  QWIP  grown  on  GaAs  substrate  has  been  demonstrated  for  the  first  time 
for  the  MWIR  2uid  LWIR  two-band  detection.  The  intersubband  absorption  and  photoresponse  in 
this  PCSL-QWIP  are  greatly  enhanced  by  the  biaxial  compressive  strain  in  the  InGaAs  quantum 
well  layers.  The  improvement  in  the  performance  of  this  PCSL-QWIP  was  achieved  by  using  type- 
I  and  type-II  configuration  coupling  transport  mechanism.  Since  the  total  layer  thickness  of  the 
PCSL-QWIP  is  greater  than  the  maximum  coherent  strained-layer  thickness,  some  strain  relaxation 
might  occur,  which  could  lead  to  a  larger  dark  current  and  lower  photoconductive  gadn.  By  further 
optimizing  the  quantum  well  dopant  density,  barrier  layer  thickness,  biaxial  stradn  strength,  and 
layer  structure  parameters  for  these  two  p-type  strained-layer  QWIPs,  high  performance  QWIPs 
can  be  developed  for  the  MWIR  and  LWIR  two-color  infrared  focal  plane  array  applications. 
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Appendix 


The  optical  matrix  elements  |€  •  P,-,/|  can  be  obtained  from  the  k.p  matrix  elements,  which 
have  the  same  form  as  the  k.p  matrix  elements  except  that  kikj  is  replaced  with  ki(j  +  kj€i  and 
multiplied  by  a  constant  factor  mo/h  [19].  The  3x3  optical  matrix  elements  are  given  as  follows: 


mo 

h 


Thh  TfiL  Ths 
Tlh  Til  Tis 
Tsh  Tsi  Tss 


(A.l) 


where  the  Tij  are  given  by 


Thh 

Til 

Tss 

Thl 


Ths 


2{A  -  B)tzk2  +  (2A  +  B){txkx  +  iyky), 
2(A  +  B)(zkz  +  (2A  -  B){exkx  +  fyfcy), 
2A{(zkz  +  (-xkx  +  fy^y), 
j^N{ixCosr)  -  eysinri)kz  - 
-y/ZB{exkx  —  (yky)cosx 
+;^-/V(«xfcy  +  iykx)sinx, 

-^N{-€xC0STf-\- (ysinri)kz  + 
v6  o 


(A.2) 

(A.3) 

(A.4) 


(A.5) 


+jy/6B{(xkx  —  (yky)cosx 


{€xky  +  €yfcr)st»X» 

(A.6) 

Tis 

=  +  -^N(xCos{x  -rj)-  tysin{x  -  »7)j  kz 

-jy/2B{txkx  +  fyfcy) 

-^Nizk\\cosi,x-2ri), 

(A.7) 

Tsh 

-  T^si 

(A.8) 

Tsi 

II 

(A.9) 

TIh 

=  T-„i. 

(A.IO) 

Here  A,  B,  and  N  are  the  inverse  mass  band  parameters  [19]. 
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Figure  1  Schematic  energy  band  diagrams  for  typc-I  and  type-II  (staggered  and  misalign^) 
si^eiiatdces.  A  and  B  denote  the  two  Ain  semiconductor  layers  in  Ae  superlaAce 
basis.  (C,  H,  L  denote  Ae  conduction,  heavy-hole,  and  light-hole  bantk, 
respectively). 
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Hgure  2  Schematic  energy  band  diagram  for  the  p-type  tensile  strained-layer  InGaAs/ 
InAlAs  QWIP  showing  the  band  bending  due  to  doping  migiation  effect  The 
calculated  subband  energy  levels  were  found  to  be  Elhi  =  42  me V,  = 

78  meV,  Ehh2  =  13S  meV,  and  Ehh3  =  ^98  meV  from  the  band  ^ge 
InGaAs  quantum  well . 


Hgure  3  The  calculated  subband  energy  levels  as  a  function  of  well  width  for  die  p-type 
InGaA^InAlAs  QWIP  (a)  without  and  (b)  with  tensile  strain  in  the  InGaAs 
well.  Note  die  inversicm  of  the  light-  and  heavy-hole  ground  bound  state  (LHl 
and  HHl)  as  a  result  of  strain  applied  to  the  well. 
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absorption  (1 0  4  cm  -1 ) 


Energy  (meV) 


Figure  4  Calculated  optical  absorption  coefficient  for  the  p-type  InGaAs/lnAlAs  QWIP 
with  (dotted  line)  and  without  (solid  line)  strain  applied  to  the  quantum  well. 
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Hgure  5  The  dark  cunent  density  and  300  K  background  photocurrent  density 
versus  bias  voltage  for  the  p-type  tensile  strained-layer  InGaAsAnAlAs 
QWIP  measured  at  T  =  77,  SK),  100,  and  1 10  K. 
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Figure  6(a)  Hiotocurrent  versus  wavelength  for  the  p-type  tensile  strained-layer  InGaAs/ 
InAlAs  QWIP  measured  at  different  positive  biases,  T  =  77  K  and  Xp  =  8.1  pm. 
The  inset  shows  the  %BLIP  at  77  K. 


29 


Wavelength  {pm) 


Figure  6(b)  Photocurrent  versus  wavelength  fenr  the  p-type  tensile  strained-layer  InGaAs/ 
InAlAs  QWIP  measured  at  different  negative  biases,  T  =  77  K  and  X.p  =  8.1  pm. 
The  inset  shows  the  %BLIP  at  77  K. 
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Applied  Bias  (V) 


Figure  7  The  responsivity  versus  bias  voltage  measured  at  T  =  77, 90,  and  100  K.  Xp  = 
8.1  pm  with  FOV  =  180  A 
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HgureS  The  energy  band  diagram  and  the  calculated  subband  energy  levels  versus  well 
width  for  Ae  p-QT>e  conq)ressive-strained-layer  InGaAs/GaAs  QWIP,  showing 
the  transitions  from  the  ^und  HHl  heavy-hole  state  to  the  HH3  and  HH4 
continuum  heavy-hole  states. 
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Dark  Current  (A) 


Figure  9 


Voltage  (V) 


Daik  current  versus  bias  voltage  for  the  p-type  coiiq)ressive-strained-layer 
InGaAsAjaAs  QWIP  measiued  at  T  =  77,  and  30  K. 
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Wavelength  Qjm) 


Figure  10  Responsivity  versus  wavelength  for  the  p-type  compressive-strained-layer 
InGaAs/GaAs  QWBP  measu^  at  V  =  0.3, 0.7  V,  and  T  =  75  K. 
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Figure  1 1  Responsivity  versus  wavelength  for  the  p-type  compressive-strained-layer 

IirGaAs^aAs  QWIP  for  the  mid-wavelen^  infrai^  (MWIR)  band  measured 
at  V  =  0.3, 0.7  V,andT  =  75  K. 
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Bias  Voltage  (V) 
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Figure  12  Responsivity  versus  bias  for  the  p-type  compressive-strained-layCT 
InGaAs/GaAs  QWIP  for  the  long-wavelen^  infrared  (LWIR)  band 
measur^  at  positive  and  negative  biases,  and  T  =  75  K. 
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Figure  12  Respmsivity  versus  bias  for  the  p-type  compressive-strained-layer 
InGaAs/GaAs  QWIP  for  the  mid-wavelength  infirared  (MWIR)  band 
measured  at  positive  and  negative  biases,  and  T  =  7S  K. 
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Hgure  13  Photoccmductive  gain  versus  bias  voltage  for  the  InGaAs/GaAs  PCSL-QW!? 
measured  at  T  =  75  K  and  Xp  =  8.9  ^m. 
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